The isolation of pure populations of mouse intestinal stem cells (ISCs) is essential to facilitate functional studies of tissue homeostasis, tissue regeneration, and intestinal diseases. However, the purification of ISCs has relied predominantly on the use of transgenic reporter alleles in mice. Here, we introduce a combinational cell surface marker-mediated strategy that allows the isolation of an ISC population transcriptionally and functionally equivalent to the gold standard Lgr5-GFP ISCs. Used on reporter-free mice, this strategy allows the isolation of functional, transcriptionally distinct ISCs uncompromised by Lgr5 haploinsufficiency.
INTRODUCTION
The intestinal epithelium is a dynamic tissue that relies on integration of cell division, differentiation, migration, and apoptosis. Intestinal tissue homeostasis and regeneration are facilitated by multipotent tissue stem cells that have the ability to differentiate into multiple mature cell types. Two types of stem cells are currently proposed to reside in small intestinal crypts: cycling crypt base columnar (CBC) cells and +4 reserve cells (Barker, 2014; Clevers, 2013) . CBC stem cells maintain daily homeostasis, while their reserve equivalents have been postulated to play a role in tissue regeneration upon injury (Barker, 2014; Clevers, 2013) . The functional study of ISCs has been made possible by the recent characterization of ISC markers such as Lgr5, Olfm4, or Sox9 low for CBC cells, and Bmi1, Hopx, Lrig1, or Sox9 high for their presumed quiescent counterparts (Barker et al., 2007; Gracz and Magness, 2014; Gracz et al., 2010; Powell et al., 2012; Sangiorgi and Capecchi, 2008; Takeda et al., 2011) . Currently, the isolation of pure ISCs is primarily restricted to the use of targeted murine reporter alleles of ISC markers. However, the fidelity and specificity of these genes to mark ISCs is still controversial (Munoz et al., 2012; Tan and Barker, 2014) . The most widely used reporter for CBC cell isolation is the Lgr5-Gfp knockin mouse model (Barker et al., 2007) , which has facilitated the isolation and characterization of CBC stem cells in many studies (van der Flier et al., 2009 ).
However, this transgenic mouse model has several limitations: (1) the reporter cassette is prone to being silenced in over two-thirds of all crypts resulting in mosaic expression of the Gfp allele (Barker et al., 2007; Munoz et al., 2012) ; (2) LGR5 constitutes the receptor for R-SPONDINS (Carmon et al., 2011; de Lau et al., 2011; Glinka et al., 2011) , potent WNT signal enhancers and stem cell growth factors, and the potential haploinsufficiency induced by the loss of one Lgr5 allele (replaced by the Gfp reporter cassette) cannot be excluded; and (3) the extensive breeding required to cross genetically modified mouse models with the Lgr5-Gfp reporter strain.
Several strategies have been recently developed for CBC cell isolation via cell surface markers and fluorescence-activated cell sorting (FACS; Gracz et al., 2013; King et al., 2012; Merlos-Suarez et al., 2011; Wang et al., 2013) . Although they represent considerable advances in the isolation of CBC cells independently of transgenic reporter alleles, these methodologies are suggested to be contaminated with other cell types and have not been fully characterized at the molecular level. The approach by Merlos-Suarez et al. (2011) mainly relies on extracting a subset of EPHB2 high cells from EPCAM+ epithelial cells (named SM2 in our study). However, the EPHB2 receptor is not only expressed at high levels in CBC cells but also in committed progenitor cells (Merlos-Suarez et al., 2011) . In another study, Wang et al. (2013) used three crypt base markers (CD24/CD166/ CD44) while depleting for GRP78+ progenitor cells (named SM4 in our study). Nonetheless, the resultant population was found to be contaminated by endocrine cells .
RESULTS AND DISCUSSION
To investigate in a comprehensive way how these different cell surface markers are expressed in the different cell populations of the intestinal crypt, we employed two recently developed tools that allow mapping of high-dimensional cytometry data onto two dimensions, yet conserving its high-dimensional structure (Amir el et al., 2013; Qiu et al., 2011) . Spanning-tree progression analysis of density-normalized events (SPADE) clusters phenotypically similar cells into nodes (Qiu et al., 2011) , while viSNE displays individual cells on a map that preserves their multidimensional separation (Amir el et al., 2013) . SPADE and viSNE have been used to interrogate, infer and visualize cellular hierarchies and transitions based on expression of cell surface markers in diverse systems including nuclear reprogramming (Lujan et al., 2015) and hematopoiesis (Qiu et al., 2011 As both SM2 (based on EPHB2 and EPCAM markers) and SM4 (a combination of CD24, CD44, CD166, and GRP-78 markers) strategies (Figures S1B, S1D, and S1E) failed to isolate a pure CBC cell population (Merlos-Suarez et al., 2011; Wang et al., 2013) and importantly as their key cell surface makers (EPHB2, CD44, CD166) have different expression patterns ( Figure 1A ), we utilized viSNE to explore whether a reporter-free sorting strategy combining the different intestinal crypt surface markers, termed SM6 ( Figure 1D) Experimental Procedures for more details). By using viSNE maps, the degree of overlap between SM2, SM4, and SM6 populations and the reference Lgr5-GFP high cells was investigated ( Figure 1E ). Interestingly, the SM2 gating strategy was not able to exclude a considerable number of cells that clustered outside of the region occupied by the Lgr5-GFP high population. However, both SM4 and SM6 strategies produced homogeneous appearing populations that overlapped well with Lgr5-GFP high cells. As previously mentioned, the expression of the Lgr5-Gfp cassette is mosaic and, accordingly, many CBC cells are not labeled by GFP. To investigate whether the SM6 gating strategy was superior at purifying a homogeneous population of CBC cells, a Lgr5-GFP back gating analysis was conducted on SM2, SM4, and SM6 populations. while depleting for Lgr5-GFP low cells. However, these differences were only significant between SM6 and SM4 (Figures S1I and S1J) . In order to adequately benchmark the quality of our method with the existing methods, we first performed RNA sequencing with the Lgr5-Gfp line on five FACS-purified groups: SM2, SM4, SM6, Lgr5-GFP high reference population, and cells negative or low for all of the cell surface markers used (negative) (Figure 2A , Figures S1B-S1F, Table S1 ). All the cell populations, with the exception of negative cells, had a similar transcriptional signature ( Figure 2B ). We used principal component analysis (PCA) to compare the sequencing data of the different isolation strategies. Importantly, the transcriptional signatures of SM6 and Lgr5-GFP high cells overlapped, indicating that these two populations were highly similar. SM2 and SM4 cell populations clustered further away and were therefore more different ( Figure 2C ) although still relatively close to the Lgr5-GFP high population. Unsupervised hierarchical clustering on a population level also confirmed that CBC cell-enriched populations (SM2, SM4, Lgr5-GFP high , and SM6) were clustered and distinct from the negative population ( Figure 2D ). Lgr5-GFP high and SM6 cells formed a separate subgroup within this CBC cell-enriched branch ( Figure 2D ) confirming high similarity. Moreover, we could not find any genes that were significantly differentially expressed between the SM6 and Lgr5-GFP high populations ( Figure 2E ) (2-fold, BenjaminHockberg correction). However, several genes were upregulated in SM2 and SM4 populations, mostly related to secretory cell lineage identity as already reported by Wang et al. (2013) for the SM4 approach ( Figure 2E and Table S2 ). Together, these results indicate that cells isolated using our FACS sorting strategy are highly similar to the Lgr5-GFP high cells from a transcriptional viewpoint.
Expression of the Lgr5-Gfp reporter is mosaic in the intestine and only marks around a third of all CBC cells. The SM6 and Lgr5-GFP high approaches allow the isolation of comparable cell numbers (SM6, 2.7% ± 0.4%; Lgr5-GFP high ,
2.6% ± 0.2% of all live cells) because the loss of a proportion of CBC cells via the SM6 method is a necessary trade-off between cell number and purity. In order to exclude the majority of the Lgr5-GFP low cells, very stringent gating for EPHB2 is required ( Figure 1D ). We performed single-cell transcriptional profiling for a broad panel of CBC and +4 reserve stem cell markers to determine the degree of homogeneity of the SM6 and Lgr5-GFP high isolated cell populations ( Figures S2A-S2F ).
PCA revealed that SM6 and Lgr5-GFP high single-cell signatures overlapped and were highly homogeneous as indicated by the ellipses, representing 67% of the cells in each population ( Figures 3A and 3B) . The other strategies (SM2 and SM4) were more different. Violin plot analysis, which shows the distribution of gene expression per cell for any given population, demonstrated that all the different cell isolation methods were enriched for cells expressing ISC cell marker genes (Lgr5, Olfm4, Bmi1, Lrig1, HopX, Sox9, CD44, EphB2) ( Figures 3C and S2G) . Notably, this analysis also established that SM6 and Lgr5-GFP high single cells had an analogous gene expression pattern at the individual cell level ( Figures 3C and S2G ). Co-expression of the key CBC markers Lgr5, EphB2, and CD44 was detected in 90.1% and 90.3% of the individual cells from SM6 (n = 61) and Lgr5-GFP high (n = 62) isolation methods, respectively, compared with only 61% for SM4 (n = 31) and 79% for SM2 (n = 29) ( Figures 3D and S2H) . Analysis of the coexpression of +4 ISC marker genes demonstrated a similar trend, where the majority of these genes were co-expressed in each cell in the SM6 and Lgr5-GFP high populations (Figures 3D and S2H), as previously described (Li et al., 2014) . However, we noted slight differences between SM6 and Lgr5-GFP high in the numbers of cells positive for the ISC marker Sox9. SM6 cells were more enriched for Sox9-positive cells (95.1%) compared with the Lgr5-GFP high strategy (79%) ( Figure S2H ). In summary, our single-cell transcriptional analysis, based on these key genes, demonstrates that our isolation method gives rise to a homogeneous population of CBC cells which co-express key stem cell markers in a similar way to the well-established Lgr5-Gfp model. Although SM6 and Lgr5-GFP high CBC cell transcriptional signatures were highly similar, we wanted to confirm that these cells had similar functional capacities. Cells isolated using SM2, SM4, SM6, Lgr5-GFP high , and negative strategies
were assessed in an in vitro organoid assay (n = 3 for each cell population, five technical replicates per experiment). Although similar to the culture conditions described by Wang et al. (2013) for the growth of SM4 single cells, our culture conditions included the use of recombinant WNT3A, and the Rho kinase inhibitor Y-27632 was preferred to thiazovivin. All the cells, with the exception of negative cells, were capable of forming normal, round cystic organoids ( Figure S2I ), a classic architecture observed at day 4 after seeding when organoids are generated from single cells . However, there were significant differences in the number of organoids generated by the different sorting protocols. Cells isolated using SM6 and Lgr5-GFP high sorting methods generated organoids at the same efficiency, which was almost 2-fold higher than the SM2 or SM4 strategies ( Figure 3E ). As the SM6 cell population is composed of both Lgr5-GFP-negative and Lgr5-GFP-positive cells ( Figure S3A ), we also investigated the organoidforming potential of these two populations. At day 4, SM6-Lgr5-GFP negative cells formed only marginally less organoids (0.91-fold) than SM6-Lgr5-GFP high cells (Figure S3B) . This demonstrates the capacity of the SM6 strategy to isolate Lgr5-positive stem cells that have silenced the GFP reporter. Together, these results confirm that SM6 and Lgr5-GFP high cells are molecularly and functionally similar.
The establishment of a robust ISC isolation protocol that does not rely on the use of transgenic reporter alleles is critical to study ISCs in any transgene-free mouse strain. Therefore, we used our SM6 strategy to isolate cells from wildtype (WT) C57BL/6 animals ( Figure S3C ) and performed single-cell transcriptional analysis. The WT single cells (n = 30), isolated using the SM6 strategy (SM6-WT), had a transcriptional signature that was similar to the Lgr5-GFP high cells (n = 62) ( Figures S2A, S2F , and S3D). Moreover, PCA revealed that SM6-WT and Lgr5-GFP high single-cell signatures overlapped and that the homogeneity of these cell populations was comparable ( Figure 3F ). However, a detailed analysis of the level of expression of the Lgr5 gene at the single-cell level in cells with detectable transcript levels revealed that at least 50% of cells isolated using the Lgr5-GFP high strategy (38 of 60 cells) or SM6 strategy from Lgr5-Gfp mice (28 of 55 cells), which we will refer to now as SM6-TG to clearly differentiate it from SM6-WT, expressed half the amount of Lgr5 compared with the cells isolated using the SM6 strategy from WT animals, SM6-WT ( Figure 3G ). These results suggest that the loss of one Lgr5 allele due to the insertion of the reporter cassette is not fully compensated by the functional Lgr5 allele at the individual cell level. In order to investigate in detail potential transcriptional differences between SM6-TG and SM6-WT cells, we performed RNA sequencing on freshly purified cells and found five genes to be differentially expressed ( Figure 3E ). Confirming our single-cell data, one of these genes was Lgr5, which was expressed at approximately 2-fold higher levels in SM6-WT cells compared with SM6-TG cells. The other four genes were the estrogen receptor Esr1 (Cleveland et al., 2009) , the immune-modulated Erdr1, a protective gene against cancer progression , the energy metabolism-associated gene insulin-degrading enzyme, Ide, and the fatty acid-binding protein 1, Fabp1. These four genes have not been reported to be WNT target genes, and we hypothesize that their differential expression is either a direct or indirect consequence of Lgr5 haploinsufficiency. In order to address whether the observed transcriptional changes in these few genes, in particular Lgr5 haploinsufficiency, induced functional defects, we isolated Lgr5-GFP high , SM6-TG, and SM6-WT cells from littermate male animals (kept under the same housing conditions to minimize genetic and environmental differences) and subjected the cells to an organoid formation assay (n = 4, four experimental replicates with five technical replicates per experiment). At day 4, Lgr5-GFP high cells gave rise to organoids at an efficiency of 7% in contrast to SM6-WT cells, which gave rise to organoids at an efficiency of 10% (Figures 3H and S3F ; data are presented as fold change relative to Lgr5-GFP high ). In order to further characterize the organoids generated from distinct cell populations, the expression of CBC stem cell markers (Ascl2, Lgr5, Olfm4), WNT signaling-related genes (Axin-2, C-myc, Troy), a niche marker (Egf), and differentiation markers (Chromogranin A, Lysozyme) were evaluated by quantitative RT-PCR ( Figure S3G ). This analysis revealed comparable expression levels of differentiation markers in organoids of all three groups. In SM6-WT organoids, a trend of higher expression of stem cell markers (Lgr5, Olfm4) and WNT target gene Axin 2 was observed compared with Lgr5-GFP high and SM6-TG ( Figure S3G ), but the differences were not statistically significant. Esr1, Ide, Fabp1, and Erdr1 were expressed at comparable levels in organoid cultures of all three groups, and we speculate that the strong canonical WNT agonists in our culture media (CHIR, WNT3A, R-SPONDIN) might have compensated for direct or indirect effects of Lgr5 haploinsufficiency. Taken together, these results suggest a potential functional deficiency within Lgr5-GFP cells with negative consequences on initial organoid establishment frequency. In summary, we present a cell surface marker-mediated isolation protocol (a step-by-step protocol can be found in the Supplemental Experimental Procedures) for the purification of a highly enriched and homogeneous population of CBC stem cells molecularly and functional comparable with ISCs extracted from Lgr5-Gfp mice. This strategy can also be utilized to isolate CBC cells from non-transgenic animals that express presumably normal physiological levels of Lgr5, Esr1, Ide, Fabp1, and Erdr1. The isolation strategy comprises a unique tool that should facilitate investigation of both intrinsic and extrinsic regulators of ISCs during normal homeostasis, age-related intestinal degeneration, and tumorigenesis.
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Animals Used in This Study
Adult Lgr5-eGFP-IRES-CreERT2 (courtesy of Professor Hans Clevers) and WT littermate male mice (6-12 weeks old, C57BL/6 background) were used in all experiments. Animals were housed in 
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